Lee JF, Gordon S, Estrada R, Wang L, Siow DL, Wattenberg BW, Lominadze D, Lee MJ. Balance of S1P 1 and S1P2 signaling regulates peripheral microvascular permeability in rat cremaster muscle vasculature. Am J Physiol Heart Circ Physiol 296: H33-H42, 2009. First published November 14, 2008 doi:10.1152/ajpheart.00097.2008.-Sphingosine-1-phosphate (S1P) regulates various molecular and cellular events in cultured endothelial cells, such as cytoskeletal restructuring, cell-extracellular matrix interactions, and intercellular junction interactions. We utilized the venular leakage model of the cremaster muscle vascular bed in Sprague-Dawley rats to investigate the role of S1P signaling in regulation of microvascular permeability. S1P signaling is mediated by the S1P family of G protein-coupled receptors (S1P 1-5 receptors). S1P1 and S1P2 receptors, which transduce stimulatory and inhibitory signaling, respectively, are expressed in the endothelium of the cremaster muscle vasculature. S1P administration alone via the carotid artery was unable to protect against histamineinduced venular leakage of the cremaster muscle vascular bed in Sprague-Dawley rats. However, activation of S1P 1-mediated signaling by SEW2871 and FTY720, two agonists of S1P 1, significantly inhibited histamine-induced microvascular leakage. Treatment with VPC 23019 to antagonize S1P 1-regulated signaling greatly potentiated histamine-induced venular leakage. After inhibition of S1P2 signaling by JTE-013, a specific antagonist of S1P2, S1P was able to protect microvascular permeability in vivo. Moreover, endothelial tight junctions and barrier function were regulated by S1P 1-and S1P 2-mediated signaling in a concerted manner in cultured endothelial cells. These data suggest that the balance between S1P 1 and S1P2 signaling regulates the homeostasis of microvascular permeability in the peripheral circulation and, thus, may affect total peripheral vascular resistance.
spingosine-1-phosphate receptor subtypes; vascular integrity; signal transduction SPINGOSINE-1-PHOSPHATE (S1P), a serum-borne bioactive lipid mediator, regulates an array of biological activities in various cell types (13, 14, 28, 42) . Most, if not all, S1P-regulated functions are mediated by the S1P family of G protein-coupled receptors (1, 20, 48) . Five members of the S1P receptor family have been identified: S1P 1 , S1P 2 , S1P 3 , S1P 4 , and S1P 5 , previously known as endothelial differentiation gene (EDG)-1, -5, -3, -6, and -8, respectively (6) . It was demonstrated that S1P receptor subtypes couple to different G␣ polypeptides to regulate specific signaling pathways (2, 16, 46a) . S1P receptor subtypes are expressed in distinct combinations in different cell types to produce an appropriate biological effect. For example, S1P 1 and S1P 3 are expressed in cultured endothelial cells (ECs) (18) . The signaling pathways regulated by the S1P 1 and S1P 3 receptors in ECs are required for chemotaxis, adherens junction assembly, morphogenesis, and angiogenic response in vitro and in vivo (18 -20) . However, the functional outcomes resulting from the concerted effects of the distinct S1P receptor signaling pathways are unknown in a physiological environment.
In contrast to S1P 1 -stimulated chemotaxis, S1P 2 -mediated signaling was shown to negatively regulate cell migration (12, 38, 43) . For example, embryonic fibroblasts isolated from S1P 2 -null mouse exhibited enhanced chemotaxis toward S1P, serum, and platelet-derived growth factor; this enhancement was reversed by reintroduction of S1P 2 receptors (12) . Recently, the mechanisms for S1P 2 -regulated inhibition of chemotaxis have been identified in several laboratories. It was shown that the inhibition of migration by S1P 2 was mediated by G␣ 12/13 -dependent Rac inactivation (43) . In addition, Rhodependent phosphatase and tensin homolog deleted on chromosome Ten (PTEN) activation was demonstrated to account for the S1P 2 -mediated inhibitory effect (38) . These data indicate that S1P is able to control two opposing biological activities via the activation of specific S1P receptor signaling pathways: S1P 1 stimulates chemotaxis, and S1P 2 inhibits it. Thus the physiological responses of S1P may be an orchestrated manifestation between the signaling cascades activated by the different S1P receptor subtypes.
The development of pharmacological agonists/antagonists has significantly advanced our understanding of specific signaling and function regulated by distinct S1P receptor subtypes. For example, FTY720, a potent agonist of S1P 1 , S1P 3 , S1P 4 , and S1P 5 receptors (4, 36, 45) , is shown to downregulate S1P 1 receptors on T and B lymphocytes and results in defective egress of these cells from spleen, lymph nodes, and Peyer's patch (24) . Similar immune-suppressive activity was observed after treatment with SEW2871, a selective S1P 1 receptor agonist that is not active for the S1P 2-5 receptors (39) . In addition, VPC 23019, a competitive antagonist of S1P 1 and S1P 3 receptors (8) , has been used to examine the role of S1P 1 in S1P-induced contraction and nitric oxide generation in isolated cerebral arteries (35) . Furthermore, the role of S1P 2 -mediated signaling in inhibiting migration and contraction of vascular smooth muscle cells has been elucidated by using JTE-013, a selective S1P 2 receptor antagonist (29, 30) .
Cultured ECs abundantly express the S1P 1 receptor subtype (18) . In vitro analyses showed that S1P-mediated signaling pathways via S1P 1 receptors regulate cytoskeletal structures (18) , integrin activation (31, 46) , and assembly of adherens (18, 20) and tight junctions (TJs) (17) in cultured ECs. Together, these in vitro lines of evidence imply that S1P may function as a novel modulator in regulation of vascular permeability in vivo. In agreement with these findings, we recently showed that S1P-mediated signaling pathways involving the S1P 1 receptor stimulated TJ formation and, thus, enhanced transendothelial electrical resistance (TEER) in vitro (17) . In the present study, we utilized the venular leakage model in the cremaster muscle vasculature of Sprague-Dawley (SD) rats to examine the molecular basis of S1P-regulated vascular permeability in vivo. We showed that S1P/S1P 1 signaling protected against microvascular permeability in vivo. Importantly, evidence presented in the present study suggests that the homeostasis of peripheral microvascular permeability is regulated by the balance between S1P 1 -and S1P 2 -mediated signaling pathways. This study is the first to demonstrate how the functional balance between S1P 1 and S1P 2 signaling regulates the physiology of the vasculature.
MATERIALS AND METHODS
Reagents. S1P (Biomol, Plymouth Meeting, PA) was dissolved in methanol (0.5 mg/ ml). SEW2871, JTE-013, and FTY720 (Cayman Chemical, Ann Arbor, MI) and VPC 23019 (Avanti, Alabaster, AL) were solubilized in ethanol (20 mg/ml) and divided into aliquots, which were vacuumed dried and stored at Ϫ20°C. When needed, the aliquots were resuspended in 4% fatty acid-free BSA (Sigma, St. Louis, MO) by sonication to make a stock solution of 1 mg/ml. Polyclonal rabbit anti-S1P1 and anti-S1P2 were kindly provided by Dr. Suzanne Mandala (Merck Research Laboratories). These antibodies have been shown to specifically immunoreact with the S1P1 and S1P2 receptor subtypes (5, 41) . Purified mouse anti-rat platelet EC adhesion molecule (PECAM)/CD31 was purchased from Chemicon (Temecula, CA). Goat anti-S1P1 and anti-S1P3 and mouse anti-␣-actin were obtained from Santa Cruz Biotechnology. Alexa 488-, Alexa 594-, and Alexa 647-conjugated secondary antibodies were purchased from Molecular Probes (Carlsbad, CA). Other reagents, unless specified, were purchased from Sigma.
Microvascular permeability assay. In accordance of National Institutes of Health guidelines for animal research, all animal procedures were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Louisville.
Male SD rats (200 -250 g body wt; Harlan, Indianapolis, IN) were anesthetized with pentobarbital sodium (50 mg/kg ip), and a tracheal cannula was inserted to maintain a patent airway. Animals were placed on a heating pad to maintain body temperature at 37 Ϯ 1°C. Mean arterial blood pressure (MABP) and heart rate (HR) were continuously monitored through a polyethylene catheter (PE-50) inserted into the carotid artery and connected to a transducer and a blood pressure analyzer (Micro-Med, Nicholasville, KY).
The microvascular permeability assay in cremaster muscle vascular bed was performed essentially as we described previously (22) . Briefly, the skin of the right half of the scrotum was opened and the cremaster muscle was incised longitudinally, with care taken to keep the principal nerves and blood vessels to the muscle intact. The cremaster muscle was spread with sutures over the bottom of a tissue bath that contained 60 ml of modified Krebs bathing solution (in mM: 113 NaCl, 25.5 NaHCO 3, 11.6 dextrose, 4.7 KCl, 2.6 CaCl2, 1.2 MgSO 4, and 1.2 KH3PO4). The pH of the bath was maintained by a constant supply of CO 2 gas, and the temperature was maintained at 35°C by a heating coil. The rat and the cremaster muscle preparation were positioned on a modified stage of a microscope (model MM-11, Nikon, Tokyo, Japan) so that the cremaster muscle, which is ϳ200 -250 m thick, could be observed by transmitted light or epi-illumination (22, 23) .
After the surgical preparation, there was a 60-min equilibration period. At 30 min of the equilibration period, stock solutions of the agonists/antagonists in BSA were injected via the carotid artery cannula. In addition, the agonists/antagonists were locally added to the tissue bath at the same concentrations at this time. When JTE-013 or VPC 23019 was injected, S1P was injected via the cannula 10 min later. Before each experiment, autofluorescence of the observed area was recorded over a standard range of camera gains (22, 23) . FITC tagged to BSA (300 g/ml) was injected intra-arterially (0.2 ml/100 g body wt) and allowed to circulate for ϳ10 min. Cremaster muscle circulation was surveyed to ensure that there was no spontaneous leakage in the observed area, which would indicate compromised vascular integrity.
Venules were identified by observation of the topology of the cremaster muscle circulation and blood flow direction. A rectangular area of interest (AOI), ϳ2,000 m 2 in the interstitium adjacent to a venular wall, was assessed for venular leakage. In each rat, three different venular segments were chosen for observation. There was no spontaneous leakage or other visible vessels in the chosen AOIs. Microvascular leakage was measured in animals injected with S1P, SEW2871, JTE-013 with or without S1P, VPC 23019 with or without S1P, and FTY720. Animals injected with vehicle (4% fatty acid-free BSA) alone were used as a control group. Subsequently, leakage was induced by sequential addition of 10 Ϫ8 -10 Ϫ4 M histamine to the tissue bath containing surgically prepared cremaster muscle. Each concentration of histamine was additively administered for 10 min to the surgically exposed cremaster muscle vascular bed. Microvascular leakage was assessed and quantitated by the presence of FITCalbumin in the extravenular space at 0, 5, and 10 min after histamine addition. The AOIs for three venular segments in the cremaster vascular bed were observed for 10 min after each histamine application. Histamine-induced microvascular leakage for each animal was determined as an average of data obtained from the measurements of the fluorescence intensity in AOIs in each of the three venular segments. At least three animals were used for each group of agonist/ antagonist treatment.
The histamine-induced microvascular leakage, shown by the presence of FITC-albumin in the interstitium, was imaged and quantitated as described previously (22) . An epi-illumination system, consisting of a mercury arc lamp and a Ploem system with appropriate filters, was used to excite intravascular FITC. The AOI was exposed to blue light (ϳ490 nm) for 10 -15 s with a light power density of 2 J/cm 2 . The microscope images were acquired by a light-sensitive siliconintensified tube camera (model C2400, Hamamatsu) and image acquisition system (Marvel G450-eTV, Matrox Graphics). The camera output voltage was standardized with a 50 ng/ml fluorescein diacetate standard (Eastman Kodak, Rochester, NY) for each experiment.
Immunofluorescent analysis. Rat cremaster muscle tissues were surgically excised and immediately fixed in 4% formaldehyde for 2 h. After they were soaked in 0.3 M sucrose-PBS for 16 h, tissues were sectioned with a cryostat. Sections (8 m) were stained with PECAM/ CD31, ␣-actin, or S1P receptor subtype-specific antibodies followed by Alexa 488-, Alexa 594-, or Alexa 647-conjugated secondary antibodies. Confocal images were obtained using a confocal microscope (FluoView FV1000, Olympus).
RESULTS

S1P administration via carotid artery was unable to protect from histamine-induced microvascular leakage.
We studied microvascular leakage in venules of the cremaster muscle in SD rats to determine the effect of S1P on regulation of vascular integrity in vivo. Histamine, a biogenic amine known to dilate blood vessels and make vessel walls abnormally permeable, was used to induce microvascular leakage. Sequential addition of 10 Ϫ8 -10 Ϫ4 M histamine resulted in a dose-dependent increase of FITC-albumin in the interstitium adjacent to venules, indicating microvascular leakage (Fig. 1) . Leakage of FITCalbumin was most pronounced at higher doses of histamine. There was a 3.54 Ϯ 0.43 and 7.56 Ϯ 0.59 fold (n ϭ 11) increase in fluorescence intensity in the extravenular space after 5 min of treatment with 10 Ϫ5 and 10 Ϫ4 M histamine, respectively. In contrast, without histamine treatment, there was only a 1.01 Ϯ 0.36 and 1.57 Ϯ 0.89 fold (n ϭ 2) increase of fluorescence intensity in the interstitium after 5 min (Fig.  1B) . Because of the significant difference in microvascular leakage induced by higher doses of histamine, to test the effects of S1P, SEW2871, JTE-013, VPC 23019, or FTY720, we used only high concentrations (10 Ϫ5 and 10 Ϫ4 M) of histamine to induce microvascular leakage.
Injection of vehicle (4% fatty acid-free BSA) did not alter MABP and HR (103 Ϯ 5 mmHg and 380 Ϯ 10 beats/min, n ϭ 3) in the control group compared with values before injection (104 Ϯ 3 mmHg and 361 Ϯ 11 beats/min). Injection of S1P, SEW2871, and JTE-013 ϩ S1P did not have an effect on MABP or HR: 104 Ϯ 9 mmHg and 364 Ϯ 5 beats/min (n ϭ 5), 101 Ϯ 8 mmHg and 376 Ϯ 16 beats/min (n ϭ 3), and 112 Ϯ 18 mmHg and 368 Ϯ 19 beats/min (n ϭ 3), respectively. These values were similar to MABP and HR in respective controls for S1P, SEW2871, and JTE-013 ϩ S1P groups that were injected with vehicle only: 100 Ϯ 4 mmHg and 366 Ϯ 14 beats/min (n ϭ 3), 104 Ϯ 14 mmHg and 355 Ϯ 17 beats/min (n ϭ 3), and 113 Ϯ 8 mmHg and 340 Ϯ 11 beats/min (n ϭ 2), respectively.
Subsequently, we examined the effects of S1P on histamineinduced venular leakage in the cremaster muscle microvascular beds of SD rats. Animals were arterially injected with 0.0019 -0.38 mg/kg body wt S1P; then the surgically exposed cremaster muscle vascular beds were treated with histamine. There was no statistical difference in histamine-induced microvascular leakage between the S1P-and vehicle-injected groups ( Fig. 2 ; also see supplemental Fig. 1 in the online version of this article). Although leakage was greater in the group injected with 0.38 mg/kg body wt S1P than in the control group at 10 min after 10 Ϫ4 M histamine treatment ( Fig. 2) , this difference is unlikely to be of physiological significance, since leakage of FITC-albumin into the extravenular space was maximal in vehicle-and S1P-injected rats at this concentration of histamine (see supplemental Fig. 1 ). S1P 1 and S1P 2 receptor subtypes are expressed in the vascular endothelium of the cremaster muscle. We next used immunostaining to determine the expression of S1P receptor subtypes in the cremaster muscle vascular bed. The endothelium and smooth muscle cells of the cremaster muscle vasculature were identified by immunostaining with PECAM and ␣-actin antibodies ( Fig. 3 ; see supplemental Fig. 2) , respectively. S1P 1 and S1P 2 receptors were clearly detected in the endothelium and smooth muscle cells of the cremaster muscle vessels (Fig. 3) . In contrast, S1P 3 receptors were weakly detected in the vasculature of the cremaster muscle vessels (Fig. 3) . The immunostaining assay is specific, because no signals were detected when immunostaining was performed in the absence of primary antibodies ( Fig. 3 ; see supplemental Fig. 2 ). Moreover, S1P 1 and S1P 2 receptors are present in endothelium and smooth muscle cells of the cremaster muscle arterial and venular vessels in SD rats (see supplemental Fig. 2B) . S1P 1 -mediated signaling in histamine-induced microvascular leakage. SEW2871 is a selective S1P 1 receptor agonist that is not active on the S1P 2-5 receptors (39). Thus we injected SEW2871 via the carotid artery to specifically activate the S1P 1 -mediated signaling pathway and examine the role of S1P 1 -mediated signaling in regulation of microvascular integrity of the peripheral vasculature in vivo. Injection of 0.05 mg/kg body wt SEW2871 significantly diminished the leakage of FITC-albumin into the extravenular space in rats treated with 10 Ϫ5 M histamine (Fig. 4) . There was little increase in microvascular leakage after application of 10 Ϫ5 M histamine in animals injected with 0.05 mg/kg body wt SEW2871 (2.10 Ϯ 0.20 and 2.15 Ϯ 0.21 fold increase at 5 and 10 min, respec- tively, n ϭ 3) compared with the significantly higher values in control (vehicle-injected) animals (3.54 Ϯ 0.43 and 3.65 Ϯ 0.58 fold increase at 5 and 10 min, respectively, n ϭ 11, P Ͻ 0.01, SEW2871 vs. control vehicle at the same time points). At 10 Ϫ4 M, histamine induced little difference in leakage between SEW2871-treated (8.40 Ϯ 0.81 and 11.16 Ϯ 1.09 fold increase at 5 and 10 min, respectively, n ϭ 3) and control (7.56 Ϯ 0.59 and 8.84 Ϯ 0.77 fold increase at 5 and 10 min, respectively, n ϭ 11) rats. Although the data indicate greater leakage at 10 Ϫ4 M histamine in rats treated with 0.05 mg/kg body wt SEW2871, this is not physiologically important, inasmuch as FITC-albumin had saturated the interstitium at this dose (see supplemental Fig. 3) .
Strikingly, injection of a higher dose of SEW2871 (0.5 mg/kg body wt) inhibited venular leakage at 10 Ϫ5 and 10 Ϫ4 M histamine (Fig. 4) . In rats treated with this dose of SEW2871, there was scarcely an increase in microvascular leakage at 10 Ϫ5 M histamine (2.39 Ϯ 0.14 and 2.49 Ϯ 0.18 fold increase at 5 and 10 min, respectively, n ϭ 3). These values were significantly less than in respective control (vehicle-injected) animals (P Ͻ 0.01, SEW2871 vs. vehicle at the same time points; Fig. 4 ). Furthermore, 10 Ϫ4 M histamine induced maximal microvascular leakage in rats injected with vehicle (see supplemental Fig. 3) . However, 0.5 mg/kg body wt SEW2871 dramatically inhibited the microvascular leakage induced by 10 Ϫ4 M histamine (see supplemental Fig. 3 ). Fluorescence intensity increased 7.56 Ϯ 0.59 and 8.84 Ϯ 0.77 fold in vehicle-injected rats at 5 and 10 min, respectively, after 10
Ϫ4
M histamine but increased only 3.55 Ϯ 0.89 and 4.83 Ϯ 0.66 fold in rats injected with 0.5 mg/kg body wt SEW2871 at 5 and 10 min, respectively (n ϭ 3, P Ͻ 0.01, SEW2871 vs. vehicle at the same time points).
It has been shown that treatment with VPC 23019 antagonizes S1P 1 -and S1P 3 -mediated signaling cascades (8, 35) . Therefore, the role of S1P 1 -regulated signaling in control of vascular permeability was further examined by injection of SD rats with VPC 23019 or VPC 23019 ϩ S1P. There is no statistical difference among vehicle, VPC 23091, and VPC 23019 ϩ S1P in vascular leakage induced by 10 Ϫ4 M histamine ( Fig. 5; see supplemental Fig. 4) . However, VPC 23019 ϩ S1P significantly enhanced vessel leakage induced by 10 Ϫ5 M histamine (P Ͻ 0.01; Fig. 5, see supplemental Fig. 4) . These data strongly suggest that S1P 1 -mediated signaling plays a critical role in regulation of vessel integrity in cremaster muscle vascular beds of SD rats. S1P 2 -mediated signaling in histamine-induced microvascular leakage. Two pharmacological reagents were utilized to examine the role of S1P 2 in regulation of vascular permeability in cremaster muscle vasculature. FTY720 is phosphorylated by sphingosine kinase, which then functions as a potent agonist of S1P 1 , S1P 3 , S1P 4 , and S1P 5 receptors (4, 36, 45) . However, FTY720 has no effect on activation of signaling cascades transduced by S1P 2 receptors (4, 24) . In the present study, similar to administration of SEW2871 (Fig. 4) , treatment with FTY720 significantly inhibited histamine-induced venular leakage (P Ͻ 0.01, FTY720 vs. vehicle at the same time points; Fig. 6, see supplemental Fig. 5 ). This result strongly argues that the S1P 2 -regulated events are attributable to the inability of S1P to prevent vascular leakage (Fig. 2) .
We next investigated whether S1P was able to protect against microvascular leakage in vivo if S1P 2 -mediated signaling was inhibited by pretreatment with JTE-013, a highly selective antagonist of the S1P 2 receptor (29, 50). Administration of JTE-013 ϩ S1P significantly facilitated the leakage inhibition effects of S1P at 10 Ϫ5 and 10 Ϫ4 M histamine (P Ͻ 0.01, JTE-013 ϩ S1P vs. vehicle at the same time points; Fig. 7A ). Similar to SEW2871 administration (Fig. 4) , there was little vascular leakage in the presence of 10 Ϫ5 M histamine when rats were treated with JTE-013 ϩ S1P (1.52 Ϯ 0.52 and 1.81 Ϯ 0.51 fold increase at 5 and 10 min, respectively, n ϭ 3), whereas there was obvious leakage in the absence of JTE-013 ϩ S1P (Fig. 7A) . Furthermore, maximal microvascular leakage induced by 10 Ϫ4 M histamine was significantly diminished in rats that were treated with JTE-013 ϩ S1P (Fig. 7A , see supplemental Fig. 6A ). The fluorescence intensities of the leaked albumin in rats treated with 10 Ϫ4 M histamine for 5 and 10 min in the presence of JTE-013 ϩ S1P were increased 3.12 Ϯ 0.77 and 4.18 Ϯ 0.94 fold, respectively (n ϭ 3). Treatment with JTE-013 alone did not prevent histamineinduced leakage (Fig. 7A, see supplemental Fig. 6A ), indicating that protection of microvascular leakage by JTE-013 ϩ S1P is attributable to S1P. Moreover, pretreatment with JTE-013 dose-dependently enhanced S1P effects on inhibition of histamine-induced microvascular leakage (Fig. 7B , see supplemental Fig. 6B) . Also, S1P, in a dose-dependent manner, diminished vessel leakage in the presence of JTE-013 (Fig. 7C, see  supplemental Fig. 6B ). Together, these results suggest that inhibition of S1P 2 signaling greatly facilitates the S1P 1 -mediated enhancement of microvascular endothelial integrity. S1P 1 and S1P 2 concertedly regulate integrity of EC function in vitro. Recently, we showed that early-passaged ECs in vitro abundantly express S1P 1 receptors and barely express S1P 2 receptors. In contrast, S1P 2 receptors are markedly increased in senescent ECs (9) . The upregulation of S1P 2 receptors was shown to mediate the impaired wound-healing and angiogenic responses in senescent ECs (9) . Thus cultured young and senescent ECs were used as an in vitro model to examine whether endothelial S1P 1 -and S1P 2 -mediated signaling cascades are able to concertedly regulate vascular barrier function in vivo. A minimal rise of TEER, an in vitro measurement of endothelial barrier function (9, 17) , in senescent ECs after S1P treatment is shown in Fig. 8A . Pretreatment with JTE-013 dose-dependently increased the S1P-stimulated increase of (Fig. 8A) . Neither vehicle nor JTE-013 alone had an effect on the increase of TEER in senescent ECs. In sharp contrast, S1P stimulated a maximal increase of TEER in young ECs (Fig. 8B) , which barely express S1P 2 receptors (9, 18). Pretreatment with JTE-013 had no effect on the S1P-stimulated increase of TEER in young ECs. These data indicate that the S1P-induced increase of TEER is controlled by the expression profile of S1P 1 and S1P 2 receptor subtypes in cultured ECs.
TEER in senescent ECs
We showed that S1P stimulates the formation of endothelial TJs (17) . Knockdown of zonula occludens-1 (ZO-1), a TJassociated polypeptide, significantly abrogated the S1P-induced increase of TEER (17) , indicating that endothelial TJs play an essential role in the S1P-induced increase of TEER. Thus we next investigated whether endothelial S1P 1 and S1P 2 receptors, in combination, regulate the formation of TJs. S1P was able to stimulate TJ formation in young ECs (Fig. 8C ), but not in senescent ECs or in young ECs ectopically expressing S1P 2 receptors (Fig. 8C) . The inability of senescent and young ECs expressing S1P 2 receptors to form TJs was reversed by pretreatment with JTE-013 (Fig. 8C) . Young ECs transduced with control adenoviral particles carrying ␤-galactosidase (9, 17, 19) behave identically to young ECs without adenoviral transduction (data not shown). Also, treatment with vehicle or JTE-013 alone had no effect on TJ formation in young, senescent, and S1P 2 -expressing young ECs. Together, these results suggest that endothelial TJs and barrier integrity are regulated by S1P 1 -and S1P 2 -mediated signaling in a coordinated manner.
DISCUSSION
Cultured human umbilical vein ECs abundantly express S1P 1 receptors (18, 19) . Using cultured human umbilical vein ECs as an in vitro model system, we and others showed that S1P signaling via the plasma membrane S1P 1 receptors regulates various endothelial functions (18, 19) . For example, treatment of the cultured ECs with S1P resulted in dramatic cytoskeletal rearrangement, including formation of stress fibers and cortical actins (18) . Moreover, S1P stimulated the forma- Fig. 3 . Expression of S1P1 and S1P2 in the venule of the cremaster muscle circulatory bed. Cremaster specimens were surgically removed from SD rats. After sections were fixed with 4% paraformaldehyde and embedded in OCT compound, frozen 8-m-thick sections were immunostained with primary antibodies and then with Alexa 488 (green)-, Alexa 594 (red)-, or Alexa 647 (blue)-conjugated secondary antibodies and analyzed by a confocal microscope. Top to bottom: goat anti-S1P1 and rabbit anti-S1P2 primary antibodies and Alexa 488-donkey anti-goat and Alexa 647-donkey anti-rabbit secondary antibodies; specimens analyzed with Alexa 488 and Alexa 647 filters (row 1); goat anti-S1P3 primary antibody and Alexa 594-donkey anti-goat secondary antibody; specimens analyzed with Alexa 594 and Alexa 647 filters (row 2); mouse anti-rat platelet endothelial cell adhesion molecule (PECAM) primary antibody and Alexa 647-donkey anti-mouse and Alexa 488-donkey anti-goat secondary antibodies; specimens analyzed with Alexa 488 and Alexa 647 filters (row 3); mouse anti-␣-actin primary antibody and Alexa 647-donkey anti-mouse secondary antibody; specimens analyzed with Alexa 488 and Alexa 647 filters (row 4). Endothelium (arrows) and smooth muscle cells (arrowheads) were identified by staining with PECAM (row 3) and ␣-actin (row 4) antibodies, respectively. S1P1 and S1P2 receptors are expressed in endothelium (arrows) and smooth muscle cells (arrowheads) of cremaster muscle venules (row 1), and S1P3 receptors were weakly detected in the venules of cremaster muscle vasculature (row 2). Enlarge, enlarged images of boxed areas in merge-differential interference contrast (DIC) image; merge-DIC, fluorescence merged images overlapped with DIC images.
tion of vascular endothelial cadherin-based adherens junctions, which are critical in regulation of S1P-mediated morphogenesis of ECs (18) . Recently, we showed that S1P enhances the cell-extracellular matrix interaction by activating endothelial ␣ v ␤ 3 -integrin via the S1P 1 /G i /Rho family of GTPases signaling pathway (46) . Furthermore, it was shown that S1P stimulation results in formation of two distinct ZO-1 complexes that regulate the endothelial TJ formation and chemotactic response in ECs (17) . The ability of S1P to control cytoskeletal architecture, integrin-extracellular matrix interactions, and intercellular interactions in vitro suggests that S1P/S1P 1 -mediated signaling pathways play a critical role in regulating the barrier function of the endothelium in vivo. In vitro studies showed that S1P treatment resulted in an increase in endothelial electrical resistance (10), a measurement of endothelial barrier integrity, and a decrease in albumin permeability across cultured EC monolayers (25) . Moreover, it was shown that S1P-mediated cytoskeletal rearrangement, particularly the Rac and p21-associated kinase-dependent cortical actin assembly, plays an important role in regulating endothelial barrier integrity in vitro (10, 25) .
Subsequently, we used the electrical cell-substrate impedance-sensing assay (Applied Biophysics) to investigate the mechanisms of S1P-regulated barrier function in vascular ECs (17) . A robust increase of TEER was observed immediately after S1P treatment. This observation supports the notion that S1P is able to enhance endothelial barrier function in vitro. It should be noted that the S1P-induced barrier integrity was sustained for Ͼ6 -10 h after S1P treatment and, thus, was not a transient event. S1P-enhanced TEER was markedly abrogated in S1P 1 -knockdown ECs (small interference S1P 1 ), but not in control cells stably expressing small interfering RNA for luciferase (siLuc). This indicates that S1P-enhanced TEER is primarily controlled by the S1P 1 receptor. This conclusion is supported by the observation that S1P-enhanced endothelial barrier integrity was abrogated in the presence of pertussis toxin, inasmuch as S1P 1 signaling is dependent on the G i heterotrimeric G protein. In addition, treatment with Ly-294002 (an inhibitor of phosphoinositide 3-kinase) or adenoviral particles carrying dominant-negative Akt or Rac constructs significantly inhibited the S1P-enhanced TEER. Importantly, we demonstrated that S1P significantly stimulates TJ formation in cultured ECs (17) . Knockdown of ZO-1, a critical polypeptide associated with TJ plaque, markedly abrogated the S1P-induced increase of TEER in ECs (17) . Together, these results indicate that the S1P-enhanced barrier function of vascular ECs is controlled by endothelial TJs via the S1P 1 -mediated G i /phosphoinositide 3-kinase/Akt/Rac signaling pathway.
It was shown that S1P treatment reduces the endotoxininduced extravasation of albumin in lung tissue (32) . Also, platelet-activating factor-induced hydraulic conductivity in rat mesenteric venules was markedly inhibited by S1P addition (27) . These studies suggest that S1P plays a critical role in regulating vascular integrity in vivo. Although the effect of S1P on inhibition of platelet-activating factor-induced permeability was shown to be pertussis toxin sensitive, the receptor subtype(s) involved in this inhibitory effect remains unidentified. Intriguingly, in the present study, we observed that S1P Fig. 4 . SEW2871 (sew) inhibits histamine-induced venular leakage. Changes in fluorescence intensity were measured after injection with vehicle (n ϭ 11), 0.05 mg/kg body wt SEW2871 (n ϭ 3), or 0.5 mg/kg body wt SEW2871 (n ϭ 3). Values are means Ϯ SE. *P Ͻ 0.01 (t-test), SEW2871 at both doses vs. vehicle at respective time points. **P Ͻ 0.01 (t-test), 0.5 mg/kg body wt SEW2871 vs. vehicle at respective time point. Fig. 5 . Coinjection of VPC 23019 (VPC) and S1P enhances venular leakage. Changes in fluorescence intensity were measured after injection with 0.05 mg/kg body wt VPC 23019 (n ϭ 6) or 0.05 mg/kg body wt VPC 23019 ϩ 0.5 mg/kg body wt S1P (n ϭ 5) before and after application of histamine. VPC 23019 ϩ S1P significantly increases venular leakage at 10 Ϫ5 M histamine. *P Ͻ 0.01 (t-test), VPC 23019 ϩ S1P vs. VPC 23019 or vehicle at respective time points. Fig. 6 . FTY720 (FTY) protects against leakage of venular microvessels induced by histamine. Changes in fluorescence intensity were measured after injection with vehicle (n ϭ 11) or 1 mg/kg body wt FTY720 (n ϭ 3). *P Ͻ 0.01 (t-test), FTY720 vs. control at respective time points.
was unable to protect histamine-induced venular leakage in the cremaster muscle microvessels of SD rats (Fig. 2 , see supplemental Fig. 1 ). The molecular basis of this discrepancy is unknown. It is possible that different tissues express distinct S1P receptor subtypes and, thus, exhibit contrasting responsiveness in S1P-regulated vascular permeability. In agreement, Sanchez and colleagues (37) showed that S1P 2 -mediated signaling regulates H 2 O 2 -induced vascular permeability in a rat perfused lung model, indicating that the S1P effect on regulation of functional integrity may be tissue specific.
Recently, Sanna and colleagues (40) showed that in vivo administration of SEW2871 markedly inhibited VEGF-induced vessel leakage, whereas administration of S1P 1 antagonist greatly stimulated capillary leakage in lung tissue. On the basis of this observation, they proposed the "S1P-S1P 1 " rheostat model for control of capillary permeability under basal physiological conditions (33, 40) . Similarly, we showed that treatment with S1P 1 agonists significantly protected cremaster muscle venules from histamine-induced vessel leakage (Figs. 4  and 6 ). However, treatment with S1P 1 antagonist alone did not markedly alter the basal (without histamine addition; see supplemental Fig. 4 ) or histamine-induced venular leakage of cremaster muscle vasculature (Fig. 5 , see supplemental Fig. 4 ) compared with treatment with vehicle. In contrast, treatment with S1P after inhibition of S1P 1 signaling markedly enhanced the histamine-induced venular leakage (Fig. 5 , see supplemental Fig. 4) . Moreover, treatment with JTE-013 alone to block S1P 2 signaling had no effect on venular leakage (Fig. 7A) , whereas JTE-013 ϩ S1P significantly inhibited histamineinduced leakage in a dose-dependent manner (Fig. 7, B and C) . Together, these data suggest that the balance of S1P 1 and S1P 2 signaling may play a more critical role than the S1P-S1P 1 rheostat model in regulation of venular leakage of cremaster muscle vasculature.
Strikingly, a recent study showed that S1P administration via the airways, but not via the vasculature, induces lung leakage (11) . Moreover, it was shown that S1P 3 receptors are expressed in type I and II alveolar epithelial cells. The S1P/ S1P 3 -mediated signaling regulates epithelial integrity and acts additively with TNF in compromising respiratory barrier function (11) . The molecular basis of this S1P 3 -mediated barrier breakdown in alveolar epithelial cells is completely unknown. Nevertheless, the results of the present study, together with mounting evidence (10, 17, 25, 27, 32, 37) for the role of S1P in EC layer integrity, suggest that vascular barrier integrity is concertedly regulated by S1P 1 -and S1P 2 -mediated signaling cascades, whereas S1P 3 -mediated signaling pathways are important in controlling epithelial barrier function.
In the present study, we employed histamine-induced microvascular leakage of the cremaster muscle vascular bed in SD rats to investigate the underlying mechanisms of S1P- Fig. 7 . S1P inhibits histamine-induced venular leakage in the presence of JTE-013 (JTE). A: JTE-013 ϩ S1P inhibits venular leakage. SD rats were injected with vehicle (n ϭ 11), 0.25 mg/kg body wt JTE-013 (n ϭ 3), or 0.25 mg/kg body wt JTE-013 ϩ 0.5 mg/kg body wt S1P (n ϭ 3). Values are means Ϯ SE. *P Ͻ 0.01 (t-test), JTE-013 ϩ S1P vs. vehicle and JTE-013 at respective time points. B: JTE-013 dose-dependently facilitates the inhibitory effect of S1P. SD rats were injected with vehicle, 0.025 mg/kg body wt JTE-013 ϩ 0.5 mg/kg body wt S1P (n ϭ 3), or 0.25 mg/kg body wt JTE-013 ϩ 0.5 mg/kg body wt S1P (n ϭ 3). *P Ͻ 0.01, both doses of JTE-013 ϩ S1P vs. vehicle at respective time point. C: S1P dose-dependently inhibits venular leakage in the presence of JTE-013. Rats were injected with vehicle, 0.025 mg/kg body wt JTE-013 ϩ 0.025 mg/kg body wt S1P, or 0.025 mg/kg body wt JTE-013 ϩ 0.5 mg/kg body wt S1P (n ϭ 3 for each dose of S1P). *P Ͻ 0.01, JTE-013 ϩ both doses of S1P vs. vehicle at 10 Ϫ4 M histamine. **P Ͻ 0.01, JTE-013 ϩ 0.5 mg/kg body wt of S1P vs. vehicle at 10 regulated microvascular permeability in vivo. Injection of agonists and topical application of histamine did not substantially alter MABP or HR in these SD rats. This finding suggests that any quantitative change in microvascular leakage should have been the result of the specific biological effect of agonist/ antagonist, rather than a generic response to stress, surgical procedure, or systemic changes. However, our finding that there are no changes in MABP and HR is not definitive. There might be a minor alteration; however, the number of experiments (n ϭ 3-5) and time for observation (1-1.5 h) might not be enough to derive statistical power of analysis for statistical difference.
In contrast to previous in vivo studies (27, 32) , we found that arterial injection of S1P (0.0019 -0.38 mg/kg body wt) was unable to protect against microvascular leakage of cremaster muscle venules induced by histamine application (Fig. 2) . However, specific activation of S1P/S1P 1 -mediated signaling by SEW2871 significantly diminished histamine-induced macromolecular leakage of cremaster muscle venules (Fig. 4) . A similar effect on inhibition of venular leakage was observed when we used FTY720 (Fig. 6) , which is phosphorylated after in vitro and in vivo administration and is shown to activate S1P 1 receptors (36, 45) . Importantly, S1P treatment significantly abrogated histamine-induced venular leakage when rats were pretreated with JTE-013, whereas JTE-013 alone had no effect on venular leakage (Fig. 7) . Thus it is unlikely that the inability of S1P to protect against histamine-induced venular leakage resulted from an inability of S1P to reach the endothelium of cremaster muscle microvascular bed or to degrade in the circulation. Instead, these data suggest that arterially injected S1P is able to reach the endothelium of the cremaster muscle vasculature, which expresses S1P 1 and S1P 2 receptors (Fig. 3, see supplemental Fig. 2 ) and that S1P 2 signaling antagonizes the S1P 1 -regulated endothelial barrier function in the cremaster muscle circulatory bed.
Recently, it was shown that S1P/S1P 2 signaling inhibited Rac activation and cell migration in a Chinese hamster ovary cell line ectopically expressing S1P 2 receptors (43). This S1P 2 -mediated inhibition was subsequently demonstrated to be physiologically relevant in several cell lines, such as mouse embry- Fig. 8 . JTE-013 restores the effect of S1P on regulation of barrier integrity of senescent endothelial cells (ECs). A: S1P stimulates increase of transendothelial electrical resistance (TEER) in JTE-013-pretreated senescent ECs. Cultured senescent ECs [cumulative population-doubling level (CPDL) ϳ60], abundantly expressing S1P1 and S1P2 receptors (9), were washed and pretreated with different doses of JTE-013 for 15 min. After addition of S1P (0.5 M, arrow), TEER rises were measured in a real-time manner (9, 17) . B: JTE-013 does not augment S1P-stimulated TEER rise in young ECs. Human umbilical vein ECs at early passage (CPDL ϳ15), abundantly expressing S1P1 only (9, 18) , were pretreated with JTE (0.5 M) for 15 min and then stimulated with or without S1P (0.5 M). S1P stimulates maximal TEER rise and JTE-013 pretreatment does not further increase S1P-induced TEER rise in young ECs. JTE-013 or S1P alone in A and B were 0.5 M each. Values are means Ϯ SE of duplicate determinations of a representative experiment, which was repeated 3 times with similar results. C: JTE-013 pretreatment restores S1P-stimulated tight junction (TJ) formation in S1P2-expressing ECs. Cells were washed, pretreated with JTE-013 (0.5 M) for 15 min, and then stimulated with S1P (0.5 M) for 15 min. Cells were fixed and then immunostained with anti-zonula occludens-1, as described previously (17) . Left: young ECs; middle: senescent ECs; right: young ECs expressing S1P2 receptor by transduction with adenoviral particles carrying S1P2 receptors (9) . S1P stimulates TJ formation in young ECs (arrows), whereas S1P is unable to stimulate TJ formation in senescent and young ECs expressing S1P2 receptors. S1P is able to stimulate TJ formation in senescent and young ECs expressing S1P2 after pretreatment with JTE-013 (arrows). Scale bar, 27 m. onic fibroblasts, mast cells, glioblastoma, and vascular smooth muscle cells (12, 21, 34, 38, 44, 47) . Moreover, we recently observed that S1P 1 and S1P 2 receptors were expressed in the endothelium of mouse aorta (unpublished observation). Together, these data suggest that S1P 1 -mediated enhancement of vascular integrity may be counteracted by S1P 2 signaling in cremaster muscle vasculature, which results in the inability of S1P to inhibit histamine-induced venular leakage. Indeed, S1P 2 receptors were found to be expressed in cremaster muscle vasculature (Fig. 3, see supplemental Fig. 2 ). Thus we examined the effect of S1P on vascular permeability after JTE-013-induced inhibition of S1P 2 signaling. JTE-013 is a potent, selective S1P 2 antagonist that specifically binds to the human and rat S1P 2 receptor with IC 50 of 17 and 22 nM, respectively (15, 29, 30) , and reverses the inhibitory effects of S1P 2 signaling on cell migration of vascular ECs and smooth muscle cells (3, 7, 15, 29, 30) . Importantly, S1P administration was able to significantly prevent histamine-induced microvascular leakage following functional blockage of the S1P 2 receptor by JTE-013 treatment (Fig. 7) . In contrast, S1P greatly increased histamine-induced venular leakage when S1P 1 -mediated signaling was antagonized by treatment with VPC 23019 (Fig. 5) . In addition, it is possible that neural stimulation or effects on other local cell types (e.g., macrophages, pericytes, and vascular smooth muscle) may also contribute to the pharmacological effects of agonists/antagonists that are observed in the present study. We recently showed that S1P 1 and S1P 2 receptors are expressed in cultured senescent ECs (9) . Importantly, the effects of pharmacological agonists/antagonists can be recaptured in S1P 1 -and S1P 2 -expressing senescent ECs. For example, blockage of S1P 2 signaling by JTE-013 significantly enhanced the effects of S1P on the increase of TEER, an in vitro measurement of endothelial integrity, as well as the formation of TJs in senescent ECs. This finding suggests that the regulation concertedly mediated by S1P 1 and S1P 2 receptors in the endothelium is critical, if not essential, for the biological responses that are demonstrated in the present study by use of the pharmacological agonists/antagonists in the whole animal model. In summary, the data presented in the present study suggest that the homeostasis of vascular permeability under normal physiological conditions is regulated by a delicate balance between S1P 1 and S1P 2 signaling. Moreover, knowledge derived from this study may have therapeutic use in the future. 
